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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted
to metric units as follows:

Multiply By To Obtain

inches 2.54 centimeters

feet 0.3048 meters

pounds per square inch 0.070307 kilograms per square
centimeter

pounds per cubic foot 16.O185 kilograms per cubic
meter

pods O. h5359 kilograzs
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SUMMARY

This report, Volume I, is concerned with the load-defox-iation
characteristics of tvo field soils under confining oressures up to
10,000 psi. A wide variety of stress states were imposed upon
partially 6aturated compacted specimens of soil which were obtained
from two test sites, one in the United States and the other in Canada.

The tests were performed with a high-pressure triaxia], cell and the
stress states included hydrostatic compression, triaxial shear,
constant stress ratio tests, and no-lateral-strain tests. Cyclic

loading was accomplished during many of the tests. Results of tests
are presented in the form of various types of stress-strain curves
in Volume II. Numerical tabulation of data is presented in Vol-
-u-e III.*

A lateral deformeter was developed for determining lateral
deformations of the cylindrical soil specimens during both the

compression and the shear stages of loading. The instrument
consists basically of strain-gaged, cantilevered springs which bear
against the specimen midheignt. The use of the instruntent allowed
the determination of the bulk modulus of the partially saturated
soils as well as the control over the lateral dimensions of the
specimens during the loading.

* Volumes II and III were published in a limited nuber a d are

available for loan purposes from the Research Center Tibrary, U. S.
Army Engineer aterways Experiment Station, Vicksburg, iiss.
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CHAPTER I

INTRODUCTION - SCOPE OF PROJECT

In order to determine the free-field behavior of soils as well as
soil-structure interaction behavior under blast loadings, it is neces-
sary to have knowledge of the dynamic, high-confining-stress level,
stress-strain characteristics of the soil. At the present time there
is a complete lack of test equipment for performing high-pressure, dy-
namic triaxial tests. There is available, however, dynamic triaxial
equipment capable of operating at low-confining pressures and, also,
dynamic one-dimensional compression deices operable at luading pressures
in the 1000- to 2000-psi range. One solution, then, to th basic high-
pressure, dynamic loading problem is to correlate static-loading tri-
axial data with the dynamic data in the range of pressures where both
types of data are available. The correlations could then be extrapo-
lated to the high-pressure dynamic problems on the basis of high-
pressure static tests.

A survey of the literature reveals that very little data are avail-
able even for static loading of soils in the pressure range of interest.
This is particularly true for controlled states of stress during both
loading and unloading other than "standard" triaxial test conditions.
As a consequence of the lack of data, this project was initiated in or-
der to study the behavior of two test-site soils when subjected to high
confining pressures. Of primary interest were the stress-strain char-
acteristics at relatively low strain conditions in order to determine
deformational and bulk moduli.

Material properties of interest include the bulk modulus of com-
pressibility, the shear modulus, and the constrained modulus. The de-

termination of these quantities involveF a measurement of lateral defor-
mations of cylindrical specimens. At the inception of this contract,
there was no instrumentation available for such measurements under the
pressure conditions required. The development of a reliable apparatus
for this use would provide an invaluable tool which would, in addition,
allow testing under stress states not then possible.

The scope of work in the project included the following three
studies:

1. Triaxial testing of compacted soils at confining
pressures up to 10,000 psi.

2. The development and use of an instrument with
which to measure lateral (radial) displacements
of soil specimens subjected to high pressure.

3. Triaxial testing -- 1ndisturbed soil specimens
at confining p, I up to 10,000 psi. This
study was to " irted in separate lette2-typ2
reports as tnt. k was accomplished and, there-
fore, is not covered in this report,

-3-



Two soils were inclued in the test program for compacted soils.
One was an alluvial clayey sand from the McCormick Ranch test site near
Albuquerque, New Mexico, and the other was a silty clay from the lacus-
trine deposits of the Watching Hill test site at the Defence Research
Establishment, Suffield, Canada. Both soils were farnished by WES in a
loose state after having been dried and processed to remove large parti-
eles and foreign matter such as twigs, etc.

-2-



CHAPTER II

EXPERIMENTAL APPARATUS AND CALIBRATION

With the exception of the triaxial cell; the pressure generating
system and the lateral deformeter, the equipment comprised commercial
items. The lateral deformeter design is included in Chapter III. De-
scription of the other equipment is included here.

Equipment

Triaxial Cell

The triaxial cell (Figure 1) was designed to allow the testing of
specimens up to 2 inches in diameter and with lengths up to 5 inches.
The working pressure capacity of the cell is 10,000 psi. It consists
of four basic parts. These are: (1) the base, (2) the cylinder, (3)
the gland, and (4) the load piston.

The base was machined from naval brass with a tensile yield
strength of approximately 24,000 psi. The base diameter is 8 inches
with a th.,eaded pedestal 3I inches in diameter. A removable specimen
pedestal (or platen) screws into the base pedestal. Two pressure ports
are provided through the base. One port is for the confining pressure
while the second allows either the application of a pore pressure, the
measurement of pore pressures, or drainage of the specimens.

The cylinder is of cold-drawn seamless steel tubing with a yield
strength of about 55,000 psi. It screws to the base and i3 sealed by
an O-ring seal between the pedestal and the cylinder. The internal
diameter is 3 inches, the wall thickness is 13/16 inch, and the length
is 12-13/16 inches. Two ports were provided in the cylinder wall. One
was used as either a pressure port or as an air escape port when filling
the chamber with oil. The other port allowed the attachment of an
electrical-lead manifold. The electrical terminals are manufactured by
the Fusite Corporation, Cincinnati, Ohio, and consist of a fused glass
insulation material surrounding the terminal and contained in & metal
body. They are available in several types and sizes. The type used in
this application was a 1/8-inch pipe-thread body.

The gland ,crews into the top of the cylinder and serves as a guide
for the piston. It is made of naval brass. Sealing is accomplished by
means of an O-ring between the gland and the cylinder as well as between
the gland and the piston. Although three O-ring grooves were provided
for sealing the piston, it has been found satisfactory to use only one.
A different gland was used for each of the two piston sizes.

The pistons are of alloy steel with a yield strength of approximate-
ly 150,000 psi. The diameters were 7/8 inch and 1.40 inches and polizhled.

Pressure Generating System

The pressure generating and regulating system is shown schematically

-I-
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ill 1'4gU.e P. Allan-o opL'.'tLed IldauIis pump is u (I st") 1 c pres-
surcsouC0e. The pumJi i Is essn; i flly a pressiire Ji ntensi Pr which is

valved so that it -is Cap~ob1 e cif roo'yclji i; when the strohr.- 1imit is
rer'ch 'd. TIhc: pumlp us-ed is made by S(XhyruA ! x~~~~ n Los Anigo.Res,
CIO ifornlia.

it is a MoCjel.:10C- 600-1t5 an(d has at fluid pr' 'Wro cncpacity of 23,'(00
psi wzhol opcrating at air pri.!Ssoro of' 100 pni . Th ou',.puL prossure do-
po)Cfd upon the appl i ed ai prs' v fi5U ' nt is5 con3IJ.1lUou1l y var able (ill-
Ceasing pim ;nuVjC" only) from vpi~ox iatel y zoro. Tie mciaj or disadvaiitage

or' thc pump is that-, it eti) "Unloa,1" only a ng gbeaon

In order to accurately cont±'ol tile confining prcssure, there is in-
ClUded inl the l51in t piston-cyl inde.r arran.gemnt (VYieuro 3). The pistons
are positioncd by a bolt reaction m vmber. The adjtistmen(i of thr- bolt
cither forces the piston into the cylinder or allows it to moave outward)

*thus causing the pressure in the line to increase or docrease, roc'pec-
ti vely.

In certain tests, parLicularly 'ie No-Tjatoral-Strain or K0 , it via's
*necessary to rapidly adjusL the confining; pressure. In those cases, a

manually operated,, 1.0,000-psi hydraulic ptump was utilized.

Loading J-1achine

The loading nchine is or the "constant rate or' strain" type. It is
a 1O-kip capacity, electrical.l~y operated machine with selectable strain
rates rang-i, frm03 inch per miluto to 0.0000211 inchb per minute.
It is manuflicturcd by Wykelia Farranee Encrineering Ltd. , Slough, England.

Measureiri-nt System

kAtoral Derorifr~tr

The lateral deformeter wats sp-ocial).y designed for the project and
consisted basically of' a cantilever-spring system which utilized bonded-
w re) resistmnc-type strain gages as the sensing elemnts. A Complete
de-Scription of this device is included in Chapter In1.

Pre Ssure'Gzifus

Confining pressures were measured by means or' coinmercial pressure
LV~C&Ce. The following set of gages was used:

Pi'essutrc Rutngeo Accracy,%,Fiull Scale (F.s.)
0-200 psi 0.5
0-400o P.A + 0.5
0-1,)000 psi + 0.5
0-20,I000 psi + 0.1

The: U(;a-es were poriodical y choekld a; it astandard transfer gg
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F4
a" ab~ ti 10. 1') ). Jh Lidi T41 '.:s calbr'ted wiith a pyr2cisio'

'Jlie di1T'td tJ.x' cells weo 11ned to me"Isilre axia, loads onl the
sji cj~ A] L. va ov co~i-w "cll )Lxd cellAS o[r the boddwie lectriC
res;in;t.-Iitp ty'ke. Fo r iova(l5 up to 2.5 kis, a Sbralns':'rt flat load cell

proimi )Fl/ It iihtes in divileter by 61inc/8 ihe th. Tlnear-ity andr-

puatab i ity are as i ndzicate'd for the 2.5-ki-p cel2.

IAnm'No L.on "Peniitoo s

T,:ink xoUbon Lx-.nodticars (Vi~ 's) were used for thc zeasuremi-nt of'
axlial di' J'J." of! thQ sPcc.mfens,. The devices are linoar variable
di ft'. 'me j:i 1.;£'±:u ' (LVDT '.s) which are completely scl C-contaitnod
Wi11 1~ ~j~i,o the! s'Jioal carriev and amplification system. The do-
vircn, vroe:tUi by an oxternal. 24l v. D.C. source and the output sicgnal
i:- miiut;'wi-ol ;LLe0llL to Igk dlrectjly to a recorder.

'Vi., P- i ' 'Ill t'.ic( ve ii,:dc by G. 1L. Collins Corporcrtion, Model SS207(
N I bit I l ' '! Lh or + 1.00 inch. Linnarity for these imn-truxents

Rcvi ng and Instruinentat ion

A]lI, t:Uv,,thl. gabe c.Ircuits vcre fed into a BIlI Model 120C strain Gge
lulkt'. 'J'b~ iivils, boing recorded were retransmitted through the

seopm outjiul, to Lho recorder.

X-Y PCooi'der

A I14ott-akadi!deJ. 135 Recorder was used for all auomatic re-
CO~'(3 ri. Thn i" a inuluivnY'o , general. piirp~se X-Y plotter with ravnges

frori 0.5 11VI/.iich to 50 m/-11. Accuracy is 0. 2J F. S. andI M nearity

Cm i C-1 11. VY fL)tV I,.Il1QZ' V)0LiOnlfl .Vd1loolV5

Th'jv %,o'' i re u:.oed in an ave1'n;'im, tr This. r.bjio c3 ccompl ished

b~' iL; .i' t io thr. te.tJ n,, i. )chi ne at Vi o igreeon cctound. the

co'll 1111. 0111+111 ftvcui th- t, uIts ha:;aeied by conlloei,2n131 all outpult

-8-



j. load wire." ill a~ ,Crien uiUtin Thc- Oreluttry for the sotilp is ShWM
in P11gIrm 4.

Cali 1at :J oyi

L~oad CoIls.,

All load co-11f vLswer c,t1brat(!'d.11 inP.1he onl the tent n irtef i
Provinge ringn6f, whlich had beenl ca1iU.ibted pr~ld:It:ylior to their
umn, wore Used. to mollttor thiQ tippli~ec Io3d. ,. The oitput from the load
c..013s vwas rctv~o' nitteOd from~ th'2 str~i i ind:icvtor to th' , rcorder.
Each1 rcordcr rzllnge was Utill;c C u'Wg t. cO.-Iibatio03 pe0ocss so thotA
chang'11ng of recorder ranges- wafs por;3ible during t)-ec tefsting przocess'For a given rodrrangeo, the relation be~tveen load and rCocor, ir in-
dicatiCon vats liear.

Calibration of' load co.1 vlnan) Etccomlplishoed at' the time of instal-
lation andf e-very tiwo weeks thcreaftCer while a gjixen coll was in use.
For service periJods less thvn tvo weeks, the ci.was chc.ked pritor to
its romoval fron the testing mrachine.

Linear Motion Transducers

TheI transdizecrs were cal.Jbr~tcd in position onl the testing machine.
Tlr~y were set att the null1 position and. then subjected to known decflec-
t ionis ( indivfiduailly and togethe11r) . The output from transducers vas
transmitted directly to the recorder and -all recorder ranfes to be usedc
were chock- -1. The relation betvween deflection and recor~der indication
was linear in all cases.

The transducers, wre calibrated prior to the-ir use and evecry two

Testin I Machine Deflection

Since the axiail deformation earigsystemi was mounted so as to
include in the msuezn the deflectioi. of the testing machine, load
cell anid the tri-axial cell, the combined effect of the equipmentlu defor-
platio3Is was determined.

A steel spec in was placed in the triox-ial cell and the equiplrcnt
comfpletcly asmbled as ror En actual test. Loads were applied to the
diusniy 53X cj~iflf undecr all conf'ining ]ressuxe condliti.ons which weore an-
tic ipated and the1 total deflection was recorded,. The deforipati on of
the metalt spec ixicn vias Calculated amd this erltoullt of dof'or 1 ition was
subtracted from the actiml i:z Ise l~t r, Thru rc!iipii deflection was
record,2d as the ccqpn:Cnt de-flection andI vra. utilizcd as, def'ocm~tion cor-
rooti on fctorn) in the reduction ofilt

.Pi ston Fri otion

Sinice the -ciio -odin tho, iaxial. dirction V:wo r.,itsauroc1 by
rc-aam, of aj lo.ad. cell. ;omrrtd out'side of th! coif'irtlivc~x~r thoe piston
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frJ'al Jl vu., ~ A14cr~ pr:ssl tt )I& 'fro zero 111)J' u to 10,000 psi. Theculp-
])l'(v)~'ite conc'r7:Joll vm tI3PII appb :('d to t~he m-mmiret'd 1 owilh dur.hig, c'a~ cu

1aton." of' axial L .ress on the ~~m':



~ 1 i~h.' ' c~'~o1i'.t "-un ~' nd on.t Ioii Lodtm o bulh, shear,
*~ K.~ di1".40"i A,; di CJicul, to accomplish.

:rn the '.oo o bulJ.k l.011 t. sts, tile ovoral). vol.vi change of the
si-vi" J !,,z I i,'c:e awl th L;; (Io termi nation1 way be acee alishced by

OU1.. -Vo~irvP chal1,;e.; .Ill vol~wo of Wlhe Conci'tlln meldilum Or by ]os
ur!ni I I" boAl ax iU' I vull 1rAdial d4!o C)"a[I ion;; of tile spe illtlms. For the Cori-

u~t'cuu~t';,it iS lf 11116tor that radiaL deform tions be mon-
Uu~rctd in otido.' to uI-ain condi1tions of "no lateral. strain. " To de-
Wil o inet(, sileal JOL~~lxs i~.:s also iw(wossary to detect radital. defor-

The ae.ouve '~~c oC -very snial). voltur-c chianges of Lriaxial
1); y ob.,Q 'V.Iil chranges inl coifining fluid vo.nebccorlms dicci-

cul 1 utwloer hit'h p..soro condi.tions. .This is due to voliu,*e chanues of
the OI 7' a1 eCcmfi n1.n, IS, WA11 W3 la *It!11
dwetiuon oV ?r, avvvkci,,Lb errors (lie to Iml eaks in the system. Al-
thro'o1g vrci~c al ilxaton hiay prvovide a basis for co~vc, cet ions, due to
cqu ip'ix'n andl conCinig-P- ~diuvi chances, thle problem of system

lkaeIs 7cih1ein a pr~oii-icneItest systc9 .. This ir,,zli-
catos the dsri tyof obtaintng deformxtion vtoaomxm.eits in the ra-
dial. mvi tho ax~ial. di 'octions dureing Mhe proreess of a test. ReJatively

prc1 . =uvo".$ lit , of wcialO.. 'efLori tions are po: ,;ll using instrnmonts
such a~ ine varviable diCferont-ial. traisforfaorvs. Th is type of ins' ru-
mrenitt'i uas usedl in this. project. The problem of d!-termining laeal
dco 'uruttioas,_ of soil.s~xyn at high confining pvosu. cs is imuch more
aUa11CUI.A, prtor 1;0 ttu1s InlfestLtion, has received .LittLe atten-
tion.

Tho scope of the project included a study of the feawAbU~lty of
dovolJopi n' tho noco~s~ ~i~n to condluct rroaningxful unconsolidated-
unvlvai ned bvlk, shear, and coiwtral ned ioclul us tes ts . Such equipment. has
bc-on dItvelopt:J dur-ing the prvot~'ss of tho projct and it has been used
in thoevcnlution of thle type of ..ests anticipated. The deve~lopment and
us'-go of tho 'qateral. defor),%tor" constitute., the reiiiainu~r of this por-
tio~n of the report.

Inatoeal PThfoc .2tion aj 'rin TI.. hniqcues

In ~ ictr. dalV tes.t5*0ng, Various tefij haVe beenI ill
Ve./I~j~~~1 al ' i 'IIv xI,-re wide)..y pub).ic'i.ec oC thesne rmy be cun-

voiitdi 1i ,; Led aw; fol ldYJ,,3:

I~ ~ ~~ "1)1 (PVC'~i phi teI 1eto.e whol'i1n dioaiseter
c n~: ar' i nr. . calked by chao in I x'a i-

v; On: f a sh-,clvj of the o ei..n A varl -
Wocn of UHL. i'.thd ifs cited by V.aroal et al- (1).
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Marsal utilized (or suggested the use of) a
photographic plate together with a parallel-
light source in order to record lateral di-

mnensiol changes.
2. Visual observations of diameter changes are

possible with the use of a calibrated scale

mounte. on the triaxial cell wall (2).

3. Manual, direct measurements of diameter changes
can be made by using mechanical-micrometer
gages which extend through the triaxial cell
wall (3).

4. Capacitance gage methods which utilize one
plate of a capacitor mounted to the specimen
side and the other plate attached to the cell.
Changes in capacitance of the measuring system
occur as the specimen deforms which decreases
(or increases) the spacing between the two
plates.

5. Mechanical lever systems have employed plates
bearing against the specimen sides. The plates
cause movement of the levers as the specimen
diameter either decreases or increases and the
resulting deformation is indicated by some scale
arrangement. Bishop and Henkel (5) utilize a
calibrated, mercury-displacement measurement ar-
rangement together with a hinged, metal frame.

Cantilever springs, instrumented with electric
resistance strain gages have been used (personal
commiication). The springs are mounted on the
cell and allowed to bear against the specimen.
As the specimen deforms, the movement is sensed
by the calibrated springs. (This method was
adopted in this investigation and will be dis-
cussed in detail later.)

6. Circumferential bea' of various types can be
used as either a KO (no lateral strain) sensor
or as a lateral strain gage. In practice, the
belt would be wrapped once around the specimen
and secured. As the specimen deforms, the in-
strurented belt senses and indicates the move-
ment. By monitoring the indications of deforma-
tion, the operator can, if desired, regulate the
cell pressure to maintain KO conditions. General-
ly, the belts have been employed primarily as KO
devices and instrumented with electric resistance
strain gages. DiBiagio (6) used a calibrated
metal band which was fastened by an elastic ma-
terial. As the specimen diameter changed,
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the indications were monitored visually. Whitmore
(7) reported that the instrument was somewhat less
then successful. Whitmore (7) experimented with a
"belt" type of strain gage which consisted of a
small-bore rubber tube filled with mercury. The
mercury was used as Lhe active gagc in a Wheatstone
Bridge cireui., Whtmore concluded that the instru-
ment has potential value, but that addition l.. de-
velopment and testing were necessary.

Each of the above systems has certain advantages and disadvantages
for low pressure triaxial work. In working with high confining pres-
sures, most of the inherent disadvantages are much more prominent and
may preclude the use of some systems.

In many of the systems, it is either necessary or highly desirable
to see the interior of the triaxial cell. For this project such is not
practicable and all techniques requiring interior visibility were not
considered.

Manual, direct measurements of diameter changes were eliminated
due to problems of sealing since the shafts of the micrometers would
pass through the cell walls. In addition, making the measurements would
be slow and would not be practical for dynamic work. Another difficulty
is in the accurate determination of contact between the micrometer point
and the specimen.

The capacitance systems appear promising. Mishu (4) reports on the
use of such a gage and concludes that strain measurements on the order
of 0.01 percent are possible for a 1.4-inch-diameter soil specimen.
Mishu utilized the soil specimen Itself as one part of the capacitor and
a ring which surrounded the specimen as the other part. He states that
the capacitance of the system depends on the soil type, the cell fluid
medium, the ring surface area, the confining pressure and temperature.
Of special note was the fact that his cell fluid (pure white glycerin)
had to be changed after each two tests due to dielectric constant changes.

The capacitance measuring system was considered in this project as
the second choice of systems and would have been explored for usage ex-
cept that the first choice provided acceptable results. Investigation
of the feasibility of a capacitance system for high pressure work would
be worthwhile.

After considering the various techniques available, it was concluded
that the most promising appeared to be one which employed cantilever
springs instrumented wiLh electric resistance strain gagcs. Development
of this type of gage was begun and eventually a working system was de-
vised. The development and usage of the instrument is described in the
following text.

Use of Strain Gages Under Pressure

One of the problems involved in the use of a strain gage type instru-
ment subjected to high pressures is the effect of pressure on the gages
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themselves. This problem has been investigated by several persons, both
theoretically and experimentally. Milligan (8) reports on the response
of soil strain gages up to 140,000 psi and summarizes the results of
recent investigations (up to 1965). Brace (9) discusses theoretical as-
pects of the effects and prients data regarding the effect for gages
mounted on several different materials under pressures up to 10 kilobars.

Conclusions regarding the use of strain gages under high hydro-
static pressures are that the gages will perform satisfactorily provided
suitable mounting techniques are utilized. Generally, mounting on a
relatively smooth surface should b, accomplished using P minimum thick-
ness of cement and with a cement which will resist creep under the ap-
plied pressures. Cements utilized satisfactorily include epoxy cements
and Eastman 910.

It has been shown (9) that the compressibility of the substrate will
have an insignificant effect on the "pressure effect" of the gages. (The
"pressure effect" is defined as being the algebraic difference between
the indicated strain and the true strain occurring in a gaged material.)
In addition, the pressure effect will be of a small value, i.e., approxi-
mately 1.1 x l0-4 strain units per 2 kilobar hydrostatic pressure and the
effect will be linear.

Design of the Lateral Deformeter

The lateral deformeter design underwent several modifications on
paper; however, the first working model has been used throughout the
project without modification. Essentially, the instrument consists of
a steel ring which attaches to the triaxial cell base. Attached to the
ring are cantilevered metal strips which bear against the specimen. The
strips are instrumented with electric resistant strain gages which sense
the movement of the strips and therefore reflect the lateral deformation
of the specimen. A pxotograph of the device is shown in Figure 5.

The ring (Figure 6) is made of structural grade steel at present.
(Since the present instrument has been used almost daily in oil, corro-
sion has been insignificant; however, it is recommended that stainless
steel be used.) The dimensions shown on the drawing are those necessary
for the particular triaxial cell used in this investigation and will have
to be adjusted to fit other test equipment.

The ring can accommodate twelve strips or springs. This will allow
the instrument to measure at multiple points along the length of the
specimen. At present, three springs are used. These are spaced at 120
degrees and bear against the specimen at midheight.

The taper of the upper part of the ring ..as sclcctcd to caause the
springs to be initially preflexed wdhen used with a 1.4-inch-diameter
specimen. This allows measurement of both increases and decreases in
the diameter.

The springs (Figure 6) are made of spring steel. The shape was
selected in order to cause a greater amount of spring deformation to
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occur near the fixed, end and, thereby, to increase the Sensitivity of
the instrwument. The reduced sertion was dimensioned to accormndate a,
strain gage which is approximately o.1 inch "by 0.5 inch.

2train ;des used on the deformeter are wire gages oi a paper basO,.
They are manufactured by University Precision Measurementl Company of
Ann Arbo', Michigan. Specifications arei Type, 40, gage 'length O. inch,
120 ohms. resistance with gage factor- of 2.,06.

The gages were bonded to the springs pwith Eastmai 910 cement using
only the nornal precautions for this cement. No problems h&Ve arisen
with regard to gage application, during the approximate 9-month use of
the instrument.

Strain gage circuitry was in the form of a two-arm bridge. Gages
were affixed to each side of ,all three springs and the three outer gages,

connected' in series as: wore the three inner gages. The sensitivity of'
the instrument is indi6ated in the section under "Calibration."

Calibrstion

The calibration of the lateral, deformeter -was, carried out' hnder the,
following different conditions:

1. Machined calibration.,cylinders. shown in Figure 5e

2. Mounted in the cell, using.no specimen andkufider
hydrostatic pressure.-

3. Mounted in the cell, using a,'steel specimen,, no
membrane, and under hydrostatic pressure.

4. Mointed in the cell, using the steel specimen
enclosed in a rubber iembrane, and under hy-
drostat i ressure.

,By means of the mthods 0Ut.iried, 'the, effect of pressure on the,
deformeter was, measured as was 1iie ihdicdted effect of a change in thick-
ness of the membrane.

The basic calibration was carried ,out with the instrument mounted'
cn the pell 'base under atmosph,,ric pressurie only. 'The calibration

ot':oks -E'igure 5) were, machired to produce guccessively larger 'diameterd
in. steps upon which the deformeter springs could bear. The blocks were
-positioned so that the deformeter' was calibrated over a range of diameters
from '.20 inches to 1.70 inches. The resulting correlat-io'n was found to
be 13.27 microinches per inch per 0;001 inch of diameter change.

The effect of pressure onthe deformeter itself was determined with
the instrument m6uhted On 'the Cell base, using In6 specimen,, and subjecting
it to pressures up to i0,000 psi. Figure 7 presents. the results of this
determination. The effect is to, indicate 'an apparent diameter decrease.
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I ° SOIUS AND SPECIMEN FORMING

Soils

Two soils were tested. Bot' soils were furnished by WES in an air-
drhied state. The soils had been sieved through ,a No. 4i Sieve to remove
large particles,. organic and other foreign matter.:

One soil was a clayey sand obtained from the Mccormick Ranch test
site near Albuquvque, Nes Mexico. This soil will be refdri d to as-
the McCormick Ranch: Sand., It is classified as -SC according to the Uni-
Sted Soil Classification System. The gradation, curre and the, Atterberg
limits are shown in Figure 11. The des-.-d dry unit of this soil was
117 pef at a moisture content of 11 .. -,

StstThe second soil was a silty clay obtained from the Watching -Hill
test site at the Defence Research Establishment, Suffield, -Canada. This
soil will be referred to as the Watching Hill Clay. It: is classified as

X CL. Gradation and Atterberg limits are shown in Figure 12. The desired
dry unit weight of this soil was 93 p6f at a moisture content of 12.51.

Specien Forming

-The soil was received in metal containers, each holding approximdte4
.y 70 pounds. The soil in, each can was. thoroughly mixed- in a dry state,
after which, water was added, to produce the desired water content. The
water and soil were first -mixed manually, then with a mechanical mixer and,
finally, manually. The moist soil was placed in plastic bags and stored'
in. a humid room for a minimum of seven -dys prior to forming. The mois-
ture content was checked immediately prior to forming.

The forming mold (Figure 13) is a, stainless steel tube, l.385-inch
I.D. wit', a wal thickness of 1/8 inchg The compacting -pistons are of
alumuinum and were machined to produce a close fit inside the tube. The
technique used diringmolding allowed the tube to float freely and the
coil to ,compact Trom- both ends toiard the middle.

The specimens were. nominally 1.4 inches in diameter by 3 inches in

length. The amount of reoist soil sufficient to produce. the desired den-
sity was wei-ghed and placed in the mold, -During the charging -of the mold,
the bottom piston was- held in position t6 extend aplsr6ximately 2 inch in-
to the mold. A funnel was uied to prevent loss of Soilarid the -sol was

Slight ly rQdded. Auntil the.soiI surfeKa .s jusj_ he)log the mold top. The _

-op piston-was put in-position and the entire assemy placed In'a 10ad'ig
rame :(Figure 14 and Figure 15). A hydraulic jack forced the pistons in;-

to the mold thereby compacting the suil., The length of compacted speci-
men was determined by gaging -with a- dial 'indicator 'to within 0.001 inch.
During the molding, both the top and bottom pistoni.moved into the mold
-while the mold was- rotated to minimize fricti6n. When the -proper length.
was reached, the load, was held to maintain -such length fo a -period of
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30 seconds. After this, thl( load was released and the forming pistons re-
moved., Extrusion of the specimens was accomplished, by hydraulic power.
A ph2otograph of the equirment is shown in Figure 16.

The extruded specinmns were eachuweghed..and,checked- for -paralle.

ends., The height was measured and -the diameter determined, at, the top,
middle, and bottom. The density was calculated-and only those specimens
that were within + 0.2 pound per cubic foot, of the desired density were
accepted. Each specimen was wrapped in six layeis of Saran Wrap, placed
in three plastic bags (each bag individually sealed), and stored in, a
humid room until tested.

The McCormick'Ranch Sand specimens were formed in batches of 25 as
needed for testing and stored for a minimum of 7 days prior to testing.

The Watching Hill Clay ,specimens were tall formed prior to ,the be-
ginning of testing operations.
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CHAPTER V

TRLJAXTAL TESTS: TYPES AND PROCEDURES

Types of Tests

The -test program, incliided the foll.owing b asic types of tests:

i Hydrgstatic Compression tests were ,performed on
all specimens which were to be tested, in -shear
under confining preBs sures- gr'eateri than -atmospheric.

2. Triaxial Shear tests were conducted< where the shear
loads were appl'ied, (after the desired confining
pressure had been effected) at constant rates of
strain. Loading was continued to failure or to a
desired strain value.

3, Cyclic loading tests were accomplished for ,both
'Hydrostatic Compression-and Triaxial Shear. In

Hydrostatic Comprssion, the pressure was raised
inr regular increments uP to the desired pressure
level. Unlading was conducted' using the -same
pressure increments ,and reloading followed. In
Tiiaxial Shear- the loads were applied at a con-
stant strain rate up to a desired stress level and
then the specimen was unloaded at the same strain
rate. Reloading followed. The number of load-
unload cycles 46ried- from" one to four.

4.. tdonstant -Stress Ratio" tests were performed.

After the application of. the hydrostatic com-
pression phase, the shear stage was a~compiished
by increasing the confining -pressure together
with the axial load so that a cohstant -ratio
existed beV.:een -a and Ua. Axial loading was
at a constant strainrate.- The lateral pressure
was manually controlled and loading was continued.
either to failure or to maxi.mu available con-
fining pressure (IO,000 psi). Cyclic loading was
accomplished in-some tests.

5. K°, or "No-Lateral-Strain," tests were accomplished
by mraintaining a -constant specimen diametei , y-
justing the confining pressure while increasing the
axial load at ,a constant rate of strain. Cycle
loading, (onq cycle only), was -accomplished ij some
tests. -'

Test Procedures

Test P'eliminaies

Specimens, were selected at randoh-from those :previously formed'. The
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' one to be tested was removed from 'its wrappings, measured for length and
diaineter, and weighed. The volume was determined by p!ercury-displacement
techniques,.

The specimenwas placed on the; base cap and enclosea in a single
rubber membrane (0;,025 inch thick). A rubber band wds U6d t6 gebl the
membrane to the cap,

Next, the lateral deformeter was carefully lowered over the specimen,
and securedto the :base by' the screws. The assembly was checked to as'
sure that the, specimen was firmly seated, then the top cap was -placed in
position. The, fhembrane- was pulled wrhifi.e-free over the top cap and se-
cured by a rubber band.

The celi cylinder was 'attached tO the cell base and the internal
electrical cohne ctions were made. -

,/

Oil (SAE No., 20) was poured in the cylinder andi the celml ;gland--Vas '

-scfewed 'irt po-sition., Care was used to ensure that ho air was entrapped.
The cell was- filled 'to a level such that oil would be displaced and forced
out as the ,gland was screwed down.

The load piston',was inserted into the cell thioughthe gland and
into position in the piston guide portion-of the specimen top cap, Con-
tact of the- piston with ,the cap was detected by the completion of the
electrical circuit and the lighting, 0f'the lamp. As the piston moved
intOthe cell,. drainage of-the fluid displaced by the piston was accom-
plished through a valv'e-.n6ar the t6p of the ,cylinder.

'That completed the cell assembly. The. unii was, then moved to the
testihg machine and all measiring components connected and checked.
Photographs of the cell and other apparatus are shown in Figures, 17-, 18,
and 19..

'The specimen'was subjected to hydrostatic pressure of 5 psi and
zero readings -of helght and diameter were, recorded.

Applidation of'jHydrostat ic,., Stress

'The shear stage of the tests began from an initial hydrostatic pres,-
sure which was some -value between zo (atmospheric) and: 10,000 psi. The

hydrostatic pressures used were , 1o0,. 200, 400, 800, 1200,' 1600o, 3200,
6400, and iO.000 psi;

For a given test, the :pressure was increased in increments corre,
sponding to those shown above up to the desired value. 'Under each pres-
,surd-increment, the changes in-height and diameter were determined im-
mediatelr jupon- application of the stress. The air-hydraulic pump was
used to apply a pressure to within approximately 200 ,psi less than that
desired and the final adjustment made- with the manual pressure control
system.
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For the cyclic hydrostatic tests, the specimens were loaded indre-
montally to the desired stress level, unloaded, and reloaded incremental-ly
with height and diameter changes recorded after' the application or removal
of each pressure increment.

Some tests, particularly the ko and certain of the constant stress
r~atio,, required rapid increases in 'confining- pessure,' For these tests
it was necessary to resort. to a ~manually operated hydraiilic pump to ap-
ply the approximate pressure and to effect precise contr'ol by means, of
the piston- cylinider' arrangement.

5. Application, of Axial Load

The axial load applied to the ~specimbns; was effected by a Wykeham-
Farrance constant strain loading machine,- The rate ;--of loaci. application
if6r ,all tests_ iwa '0.05- inch Pc&-hinxute.

The load was transmitted' to 'tne' specimcn by one of 'the two following
sized pistons:

PistonDiamete' Test in Which Used

~7/8 'inch, Triaxial with constanit lateral pressure

1.4 inches KO; Constant Ratio a /Ga

For the hydrostatic pressure application the piston was not in con-
tact w-ith the. speimen top cap except when desired to determine length
change-.,. To 'add 'axial loads, .the piston was brought into -contact, with
the, top.cap by manually -adjus'ting the, testing, Mchine land the load then
'applied mechanically; 'To iilaaxial load, the machiie,, was stopped at
the predeter'mined, stress- level and then the. direction of5. travel was -re-
verse d." The,'ioad.iwas, removed at the -same rate-at which- it was. applied.

~Fo-the K0 and the constant stress .zatio tests, the piston(.4-
Inch, diard6ter) was brought into,,contact with the, spe-cimen after thd ap-
'plication, of the; ,5-psi seating pressure.. Axial loads were then applied,
iechanically.

Measurements. of Spdci an After 'Testing

Upon completion of'the loading phase (whether hydrostatic and/or
shear'), final readings of height and diamete± -chAnges were, tdken im-
meI ~y- after the load removal, bu wt e5pisaig load re-

maining. After reimoral from, the, cell, thel specimen il. ,s measured for
leh and-,'dmet r4.. the, shappjqas. Aot~ Ad. the volume kas, measured by

mruydisplacement., The water content wag dt~riiin- b a drri --g-
entire specimen.
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'CIARPER, Vt.

RESULTS AND DISCUSSION

Test Program

The program included the testing of the two soils under a -wide
variety of test conditions. An initial test program was set up and
followed 'or the McCormick Ranch Sand1 :the first soil tested-. The
lateral deformeter was developed prior to the beginning of testiiig and
was used for all tests. After completion of the test program -for the
sand, a review of the test capabilities indicated the desirability of
a modification in the test program for the Wtching'Hill Clay. The
-test program for the two soils follows. All tests were -of the
unconsolidated-undained ,(U-U) type.

-McCormick Ranch Sand

Two .basic tests were made of the sand. These were the "normal"
triaxia'l and the "constant stress ratio!' tiriaxial. In the "'normal"
triaxial tests, cyclic loadingwas accomplished :at'approximately 35%
and 75% of the miaxifaun strength. Four confining pressures, repret.
sentative of the entire confining pressure ,ange, were to have been
utilized. Additional confining pressures-were added during the test
program in order to better defllhe the soil properties and behavior.
The following "normal" triaxial tests were accomplished"

Confining
Pressure-, psi Type Test

100 Triax., Cyclic @, 35% .and J5%
200 " " " " " "
800 ' ' ' " '' If

1,200 ,f , ,• !, 600 ,, ,, ,, ',, ,, -

6,4,oo, I I10', 000

Constant stress ratio tests were- made at the following ratios of
colfining pressure to axiai pressure:

(1) 0.6

(3) o.8
-(4) 1.0 (Hydrostatic Conpression Test)

Cyclic loading was adcomplished at approximately 75% of the noncydled
"fa _lure"' load.
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A minimum of'3 specimens was tested for each conditi6n.,

Watchiig Hill Clay

Prior to the initiation of testing of the clay, a conference was
held with representatives of ;Georgia Tech'and IWES in attendance. A
testing program waso set up for the Witching Hill Clay which reflected,
the increased capabilities for radial deflection measurement., The
'following program was adopted:

1. Normal triaxial tests at confining pressures, of'0,
100, 200, 4o0, 800, 1200, 1600, 3200, 6400, and
10,000 psi.

2. Cyclic triaxifal tests wherein both the dhydrostadtic
pressure -was 'cycled once and the shear load was,
cycled at appr6ximately ,35%'and at 75% of the' fail-
ure' load.

3. Constant stress ratio tests wherein an initial hy-
'drostatic pressure was appliedand, thereafter, the

lateral and-the axial stresses were increased at a
constant ratio.

The following program was accomplished:

[Y/a Initial LHydrostatic Pressure,, psi

6.4 0, 100, 200, 8o0, 1600; 3200
0.6 0, 100, 200, 400, 800, 1600, 3200
0.8 '0, 100, 200, :800, 1600, 3200

4. "No-Lateral-Strain"' (K) test s, were performed by applying

an initial hydrostatic pressure and, thereafter, loading
s cdly at 0.6i, in. per min. Thes lteral pressure was
adjusted as necessary toantain a "no-lateral-strain"
condition. After saturation was reached', the specimen
was unloaded. qnly one specimen 9er test condition was
utiliZed. The folowing ,ydr6static pressures were
used' 0,, 100;.)00, o 4o, 800,, and 1600 ppi'.

5. Cyclic '"No-Lateral-Strain" tests were- made in a manner
similar to those in, Item 4, above, except 'that the lpaas
were cycled &t an axial load 6f approximately 50% of the
saturation load. Two specimens were used for each Of
initial hydrostatic pressures indicated above.

,Volume-Change -Calculations

'olume changes 0f"the ,soils were based: upon deformed shapes as de-
termine -by measureient s-.made.:on- ,tsted-'speci.ens.
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The deformed shapes of many different tests specimens were measured'
by :means of dial indicators. The results of these 'measirements were
studied and a generalized, characteristic deformed ,shape was assigned, to
each soil.

The McCormick Ranch Sand was fqund-'to conform closely to the shape I
shown in Figure 20b. The specimen ends were therefore assumed to 'under-
go no deformation and the deformation-was &ssumed to be linear from both

C' ends toward the center.NI
The clay, which was relatively 'more coinpress-ble than the sand, was

found to have a shape like that .shown in Figure 20a. The curved port ions
of the shape were approxinated by straight lines as indicated by, the dashed
lines. The positions of the straight line segments Were correlated with

confining pressure and the volume calculatons were based on the correlated
positions.

The accuracy of the recorded measurements of both axial and lateral
deformation of the soil specimens are considered, to be within + 0.0005
inch.

An error of 0.0005 inch in bothi radial and' axialmeasurements of'
a cylinder 1.4" x 3" would cause an error of approximately'0.1% in the
calculated: ,,v1ve.mtric strain-, Av/v0 . ,The effect of a 0.11 error in vol-
umetric strain on the determination of 'bulk modulus will depend upon the
i'igidity of the material itself and upon the stress increment over which ,
ile strain is measured. Under the test conditions used in this project,
the' buk modulus of tested ,materials :should be within, the following lim-
us:

True Bulk Modulus 1Prbable Error

10,o0 psi + 3%
50,000- +

100,o0o, ( 10%
300,000, 1 15%

Presentation of Data and Results

The results of the test programs consist of the computer calcUlation
printout of the data reduction for each test and of comparative displays
of the stress-strain behavior of the soils For the McCormick Ranch Sand,
the individual ,stress-strain curves. are pi,'esented, in Volume ii, Section I,
and the computer printout sheets dre in Volume III, Section; I. Correspond-

Ln- curves and sheets for th6 Watching Hill Clay are contained in Volitme II,
Section II, and Volume 1II, Section II, respectiVely..

The various ty !s 'kf£ Qurvvb 'dhVCi6pd f0om the d'at aa 'dti i thVi

Figfure 21. A list of all curvres presented. id show in Tables i and 2.I From this list, a variety of curvds, rebresentative, of the entire range,
have been grouped to illustrate the effects-of pressure- and state of

stress. These "average"' curves 'are included at the ehal of thi.§ chapter
and ,are discussed individualiy in thc flJ1owing -section.,[ - 0- "4



/ NOTE,:,DASHED LIiNES USED TO
I/ CALCULATE VOLUMES

2h. WATCHING'HILL CLAY TYPICAL
DEFORMED SPECIMEN

DEFORMED SPECIMEN

Figure 20. Deformed Shapes! of Tested Specimen,



V/v/v

aTYPICAL PYORO &'SHEAR b. TYPICAL CYCLIC HIYDRO &SHEAR

c. TYPICAL (oa- r ),vs rd. TYPICAL (oa-o ) Vs'cr, CYCLIC

HIGH I/Ol

t, LOW 03/01

a~c rc -
e, TYPICAL CONSTANT STRESS RATIO RESULTS -f. TYPICAL CONSTANT STRESS RATIO RESIULtS-

II

g. -~rIAL-IOii~DIGRAWh; T~rIAL-;NOLATERAL-STP.AIN. TEST-

Figure 21. 1 ipical Data Plots
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Table 1. Graphical Result, of McCormick Ranch Sand Tests

Hydrostat ic
Compression

Type Test Stage Shear Stage')Triakiai vs vlyo Vs(
inxl yclic) vs (a -a) s (a't)) for all specimens

(Inc.,. cyclic) ara
(a -r) vs e , for typical, specimens

only
Constant p vs, V/v (c ) vs (Ea-r) for all specimens
Stress Ratio a'

'aa vs er for typical .pecimens onlyia

'Table 2. Graphical Results of- WatcHing ,Hill Cilay Tests

77 Hydrostatic
Tye etCompression
Type Test Stage :Shear Stage

Triaxial P vs, 4V/V (a-ar vs (Ga-r), for, all specimens

.(a -a ) vs C., for typical specimensa r only,

Constant p vs:AV/V (a ) vs '(ya-r ) for all,,specimens -
Stress R1atio a .

Vs (E foe" typical specimens only

No Lateral p vs AV/V°  a vs. a
Strain a a

Discussion

General

VWhen-a soil 6pecimen, is subjected ,to ,undained -hYdrostati'c compres -sion, there is ;a volume reduction. The amount of vo6ime reduction wilidepend upon many factors>, and for a -giVen soil, these include initial yid--rat-io>:and-wae -contien t. Uon° applicaffi n of the ltdrostatic pressure the
,soil skeleton compresses,, and as a conseguence, the gas in the pores mustcompress or' go into, (or, partially into) solution in the pore fluid-. There,is undoubtedly-some volume change of the flu'id also; vhoever, it is prob-ably small tinder: normal uircwnstances until the gas. is almost, coppletelydr" n into solution and the soil becomes saturated. -

If one assumes' that the compressibility of the -A skeleton itself
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is --onstant and that the change in volume of air '(whether compressing or
going into solution) is directly proportional to changes in pressure, then
the compressibility of the soil mass'should be a constant. This should
hold true until saturation is complete and then -a new compressibility
will occur whIch would hv. a greater value than that of the initial
coinproooibility.

In practice,_ it has been demonstrated that a complete "hydro" curve
eoisists of the two straight-line poet ions but, in addition, contains a
1"transition", portion between the two straight lines. The transition re-

sults from the fact that the soil is inhomogeneous and contains air voids
which "e either not coinected to fluid-filled voids or which. have smallL capillaries and therefore change the solubility of the system.

In order, to determine the volume change of partially saturated speci-
Pens, i, well as other desired constitutive relationships, it is necessary
to measure directly the radial diJnension changes of the specimens. Hav-
ing accmplished such measuremets. one can treat the data in a manner
so that more informative constitutive relationships of the soil are ob-
tained than in the case of the usual test where radial dimension changes
are lacking. The capability of varying the radial (or confining) pressure
in the trixial chamber, together with the capability of monitoring ra-
14al dimcnion changes of the specimen, makes it possible to deterniine the
pecimen*,. stress-strain response under a wide vaiiety of stress states.

In this test program, four basic types of test were performed. These
were:

I. Itrdrostatic Compression

2. Triaxial Shear

3. No Lateral Strain (One-Dilnensional Compression)

4-. Constdnt Stress Ratio

The Hydrostatic Compression test provides information on the compres-
sibility of the 'soil under a hydrostatic state of stress ranging upward
from atmospheric pressure The ratio Lf change in pressure to the change

in volume (dp/de) is the bulk mocUlus3 -K, of the soil.

As previously indicated, the bulk modulus should have -a constant
value while the soil is well below the point of saturation. As satura-
tion is approached., the bulk modulus assumes continuously increasing
values with increasing hydrostatic pressure. After saturation is com-
plete, -the modulus becomes apparently constant.'

The Triaial Shear data, when plottedl in the form of (oa-ar) y. -

pr) 0 1ouu ~'t~~i. Fo'i; ela C' soil, behiavior,,
the' hear mndulus, G, iz numerically equal to one-half of the slope of the
(LT-_C- ) vs (t. -e,) curve. Thus,. the measurement of radial deformation
during the triaxial test allows the determination of both tae Young's-mod-
Lus, E, as well as the shear modulus.
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The No-Lateral-Strain (K0 ) test provides information comparable to
that of the-One-Dimensional Compression test. The doastrained'modulus,
M, is defined as the slope of the ca vs e curve as determined for thea a

9condition of no lateral strain..

The Constant Stress Ratdio test provides deformatiohal infotmation

for stvess states between thee two limits arica = 0 and or/a a = 1. The
limit Or/aa = 0 is the triaxial test which provi'des the usual shear
modulus and the limit ar/ca = I is the hydrostatic compression test
which provides the bulk modulus,.

The shear strength of a soil is generally represented in the form
of a Mohr diagram. Two ,parameteprs, C and 'IO,are sufficient to describe
the strength if the confining pressures are low; however, in the case of
confinement which varies from zero up to 10,000, the envelope is not a
straight line. For ,such ,cases, it is necessary to have the entire
-strength envelope in order to determine the soi-l strength for a giVen
condition.

While 'the soil is only partially saturated, the strength envelope
will be inclined at an angle to the- horizontal greater than zero; After
the soil becomes saturated, the ,envelope becomes horizontal, for practi-
cal purposesj since the stresses aare-assumed, to -be cdi'ied by neutral
,s tre S.

McCormick ;Ranch 'Sand

The "hyidro" curve ,(Figure 22) closely approximates a 'straight line
up to a pressure of about 400 psi and to a volumetric strain between
2.5% to 3. '. 'A transition curve then exists 'between 400 pi 'and ap-
proximately 800 psi with only a ,slight increase in strain. At hydroz
static pressures, above about 800 psi, the slop e appareitly becomes con-
stant once again.

Due to the limitations of the lateral deforneter, it is unlikely
that a modulus greater' than ,approximately 3 x 10 psi can be established
with any predictable degree of confidence. As a result, the p vs 6V/V o
'durves past the saturation point should be used, primarily, in, a qualita-
tive sense., In this case, it 'is apparent that the bulk modulus of the
saturated, soil is considerably higher than that of water alohe.

Typical plots for the -Triaxial Test shear 'stage results for the
sand are -shown in Figure 23 through Figure 25. These plots show
I;aVeraged" curves which were tons' ructed by utilizing all r~iults
from tests of a like nature and determining the numerical average strain
for a ,gyenistress ,value.,. Sore. ;enCginccr~ing' judgment was' iXKc-iid i.h
this process and certain test results were not used when they contained
apparent discrepancies.

These curves exhibit no 'totally unexpected behavior even to the
maximum confining pressure utilized.- The individual curves show increas-
ing- deviator Stress to either a maximum value or to a very slowly



increasing value as deviator strain increases,. The stiffness of

the soil increases with increasing confining pressure ancl, conse-
quently, the shear modulus will exhibit an increase with confining
pre-i-iure. It oppearS tht 'the shear modulus reaches either a max-
imum Ar a olcwly inoreasi.ig value after full saturation has
cceuyred-.

Cyclic loading (Iigu-e 24) interrupts the normal pattern of
strass Vs strain- in thi- "hysteresis loops" are formned. however,
the cu 've, after cyclic loading is complete, is apparently a
continuation of the port-ion of" the curve prior to cyclic loading.
This is compatible with observed behavior of soils under cyclic
loading at low copfining pressures- (Fieure 24 is for a single
'test since cycling of load was not accomplished at identical values
in all -tests and "'averaging" is not possible.,)

The (a -a ) vs s curves show that there i-s an 'increase- in the
diameter ofathi specien with increasing akial load, during the
shear stage regardless of the initial confining pressure,. ,Such
behavior would -be expected even at confining pressures less than
those necessary to produce saturation. - -

The "Constant Stress Ratio" test results are shown in Fgure 26
and Figu x 27. The (oa ) vs (Ca-cr) curves axe similar to -those
for standard triaxial tests in that there is an approxipately
straight-line initial portion followed by a curving transition -and-
ther. a failure, or peak value of deviator streps.

The a., vs t. curves are an unusual type of -Preseitation since
lateral deformation is not normally measured, The diameter strain is
seen to decrease at first, with increasing confining-pressure and
then to increase. The significance of this behavior 'is not yet clear;,
but it is probably related to the compressicn and: shear phases of a
conventional triaxial test.

The Mohi diagram is shown in Figure 28. TVe envelope appears
to be slightly concave downward up to 800-psi conf" ningressure. -

This portion of the envelope can be approxmnated by a straight line
with a friction angle o of about 1-1 deg. Between 800 psi and 1200 psi
,.he curvature becomes more pronounced and the envelope becomes essentially
horizontal at o00 psi and remains so up to l0,000 psi. No "cohesion"
intercept is hown since the minimum confining pressure was relatively
high and the slope of the envelope could change considerably for lower
confining pressures.

llatching Hill Clay

The "hydtd" curve :(Fi "" 29) -- - o-,vi- L-.np. up-
to a pressure of' about 200 psi and to a volumetric strain of approximately
1Q,. A transition curve then exists between 200 psi and approximatealy
800 psi with only a slight increase in ,strain. At hydrostatic pressures
above about 800 psi, the- slope apparently becomes constant once again.



The sane :comments regarding the bulk modulus apply to this
soil as were indicated for the McCormick Ranch Sand., The large'
amount of volumetric strain priot to saturation for this soil is
dueto the initial high void- r&tio.

The general shapes of the, specimens after testing are shot. n in
Figure 30 and Figure 31. The specimen in Figure 32 :has been sub7
jected, to ,hydrostatic compression only, and the typical decreased
-diameter can be -seen to var3y from the' central portion to the ends'
of the specimen. The. ends- undergo a negIigible amiount of deformation.
'The, specimen in Figure 31 tWas subjected to hydrostatic comp ession
of 3200 psi and then -sheared in a standard triaxial test. This
particular specimen- was strained, to 4pproximately 28/ axal strain.
The ends still remain undeformed while the specien -bulges fairly
uniformly Over th central portion.

These.phdtographs, a6 well as the other recorded data show
rather clearly that there is an apprediable end-cap effqct on the
-adial, deformation of the specimens. There nay also be an effect
on. the axial deformation. As a dconsequence of the restraiht- the
volumetric changes are influenced which introduces an error of
unownmagnitude into predictions- of bulk modilus and other de-
formational moduli., -It appears that-a efinite nee d ° xists for study
of-the -end-cap effects- at -high confining pressure .

! Typical. 're sult s:-of the Triaxial and-Constant 'StresslRatio tests

are showi in Figure 32-through Fig@re '47. The-, general shapes 6f
.the curves are similed to those- 6ft~he 'McCormick Ranch,.Sand-. 'The
lower density 07 -the silt is -eemplified by the (G, 7ur)vs (Ca-E )i
curves where the-,9lopes are flatter -(i.,e. , lower shear .mo dulus),

than for the sand. The Triaxial test results (Figure 32 and Figure- 33)
* are -shown to twc ,liffereht scales, in order to better illustrate-'both

the- low strain and: the high strain behavior.

--- A :set of durve (iigures 36 -through 39) shows the 'eformational
characteristics of the clay in ,the Constant Stress Ratio tests.
Figures 36, 37', 38, and 39 .shoi -the behavior at stress, ratlo' 6f
0.4, 0.6, and 0.8 for various initial ,confining pressures. In- eneral ,
the initial slopes of' the curves decrease mith, increasing stress ratios
for a given initial donfining pressure; however, the difference is not

too great, and there is n well-1defined relation'. The loadingpath,_

therefore , does not greatly influence the deformational behavior when
presente& in these terms.

Acombined, or "averaged," set of cuivs is shown in Figure ,40
to illustrate the effect of initial confinement for a given stress
ratio loading path. 'The behavior is ,quite simil rto that -in don-
ventioin triaxi 'cbmpr'essivon w-th, ,he '1ope- of-"the curves- increasling.
with increasing -initial. confinement and tending toward, a constant value,
afte-. complete saturation under initial confining pressure.
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The "NoLatera1Str~ainU tevst results', ai~ t pfe- byFgueh
and Figuxre 42?.

The Mohr d iagrcam for '1t4he clay is, shown iri- ,Pigure 43 TV16 efhvel6pe
can be approximated by a 6traight line -,ip to -appkoximately 860, psi at
;an angle of about '4 4p&. -At c6nfining -prbsures !greatek than '890 psi,I
the envelope, is -es~enti64y horizont.'bl 1Li to 1Q,, 0O psi.-.
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Figr~ue 25. M4cCohlick Ranch Sand; CyciTaxil
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500'

NOTE: +c = DIAMETER INCREASE

300,

McCORMICK RANCH SAND
SPEC."NO. 188
CONST. STRESS- -RATIO =0.6

'INITIAL '03 0' P:;~

100

-1. 2 -0.8 -0.4' 0 +0.4 t.

Figure 27,. ,McCormick Ranch Sand; Constant Stress Ratio =0.6;

Initial Confining Pressure 0 ps i; q_ vs 6
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Xi 3000: -

SPEC. NO. 282
K? TEST
INITIAL 03 800 ps i

2500 __ _

2000

100

0 , ' 0 .5 1 1 .0 ' 1 .5 2 .0

Fi~pre 142. WTatching Hill Clay-- No:-Latera'l!-trajn Test;
Initial Conf iniig IThes sure 800 psi; a vs ea a
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'CHAE R VI

mCO MMNDATIONiS F FURTHER STUDY

The work performed, during, this 'study- was cif a nature. which had not
previously been attempted. The results obtained are quite interesting
in themselves and may be used in predictions of the behavior, of earth
masses. Theaccuracy of the predictions will depend to -a considerable
extent, 'however,. upon the differences in physical prope'ties (density,
,moisture -content, ,etc.)'betieeh the laboratory soils and those in situ.
Considerable differences in physical prpperties exist in a given deposit,
both in vertical as well as in horizontal directions. This variation
in the soil indicates the, need for knowledge of the range- of variation
of the mechanical pr6berties and deforthti6nal charac tics of the
material. In order to determine this r'ange of v ariation, it will -be
necessary to perform a systematic study which includes variations of the
soil ,physical properties, e.g., densities and Water contents from the
minimum expected, Various gradations, etc..

Two soils were studied The ,- were relatively weak ,and particulate
in, nature., Other soils aftd rock should be utilized in order to obtain
specific values for materials actually surroundihg existing orproposed
-structures as well as information which would b& necessary in the
extrapolation of characteristics to future locations.

Involved in this additional work would be the development of test
equipment capable of exerting Coqfining pressues up to p6ssibly 0,4QOO
jpi in oer to obtain information on the deformational moduli at higher
pressures. It has beei shoin in this report that -there -may be iexpected
only slight changes in the " s trength" of the two, soi19 utilized'; however,
it is still to be determined whether the .oformational characteristics

r will -be unchanged,;

The techniques of testing, measuring,, and- caitulating used in this
program have be1 continuously upgraded as the program progressed. 'There
are many areas, however, where there is, definite need for improvement.
One area of interest is with respeet to the"definition'of the length of
speciame f which is effectively (or freely) deforming. It is apparent
from the photographs cf the deformed specimens, that there is an
appreciable, end-cap effect oh the radial deformatlohn. This suggests
the possibility of effects oin ak-ia. deformations as well. An attempt
should be made to determine quantatively the effect of the ond capor
to reduce the effect ,by a fedesign -f the equipment. Alternatively, it
imay be feasible to measture,axial deformation over a gage lehgth where
the end cap ,effect is negligible. 'More meaningful results could be

utilized in the calculations. Ar -and volumetric strain. This would
involve the refinement of t real deformeter as Well as refinement of
the calctilation techniques.

Automated progranm~ing of pressure controi would ,be highly desirable
in tests' of he constant stress ratio and the no-latera-strain types.

1 -71-
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An additional refinement in test instrumentation could be made
in the case of axial load measuremcnt! At present, specimen loads
,are monitored by the use of a loaSccifll mouhted externally of the
triaxia. chamber,. -Such use makes.--, ' : s sary to include a "piston
.friction. correction factor" in calcutlations, of stress on the specimei.
Although a calibration is ,made -to deterinine the piston, frictioh, there
i's some uncertainty- with respect to the value 'and 'direction, of the
friction during some portion' of the cyclic loading tests., For these

reasons, it is highly desirable to use a load cell which measures, the
load oh the specimen directly.

Avottner area of interest is in regard to effects of handling
during specimen preparation and setup on the soil characteristics.
Many soil materials are quite-sensitive to smhl changes, in water
content or to structi'al changes. Either or both of such changes can
9ccur durihg the preparation" of the specimens for ,testing. It should
be possible, to, determine,, for a given material, the' maximum changes' in
deformational response which ,could be expected under, various- preparation
conditions. In the case of rock 2nd Very stifP soilsi this might also
include effects-,of specimen' size.

-2
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